1.. Introduction {#s1}
================

The octopus is an emblem of soft robotics because it consists of no rigid structure with redundant degrees of freedom. The octopus arms show the ability to bend in all directions, to produce very fast elongations, and to change its stiffness. Various groups have investigated and mimicked the exceptional flexibility of octopus arms. The artificial requirements of soft robotic arms have been discussed for designing innovative technological solutions \[[@RSIF20130816C1]\] and different possible actuation principles have been analysed \[[@RSIF20130816C2]\]. Up to the present, some artificial manipulators have been designed and developed: continuum robot arms based on electroactive polymers and pneumatic systems \[[@RSIF20130816C3]\], robotic tentacles with three-dimensional mobility made of flexible elastomers \[[@RSIF20130816C4]\], cable driven mock-ups \[[@RSIF20130816C5]\] and soft robot arms actuated with shape memory alloy springs \[[@RSIF20130816C6]\]. In addition, a multi-purpose platform has been developed in order to test bioinspired mock-ups \[[@RSIF20130816C7]\]. In recent years, octopus suckers have become the focus of investigations because of their substantial capability to generate large attachment forces on non-porous surfaces \[[@RSIF20130816C8]--[@RSIF20130816C11]\] and because of their ability to maintain these forces for rather long periods of time without any muscular energy consumption \[[@RSIF20130816C12]--[@RSIF20130816C14]\]. The morphology and physiology of octopus suckers have been previously investigated \[[@RSIF20130816C11],[@RSIF20130816C13],[@RSIF20130816C14]\], their attachment forces have been measured or estimated \[[@RSIF20130816C15],[@RSIF20130816C16]\] and the coordination between different suckers has been analysed \[[@RSIF20130816C17]\]. Some bioinspired artificial devices have already been developed \[[@RSIF20130816C9]\] on the basis of these studies, but the capabilities of these devices are still far from being comparable to the attachment performance of real octopus suckers.

Despite these extensive efforts, no studies have been conducted concerning the mechanical properties of octopus sucker materials, which play an important role in generating efficient attachment because of the softness of the tissues, and therefore their compliance to the substrate. The infundibulum can closely match the contour of a surface, and thereby provide a watertight seal. In this study, we analysed the general morphology of the sucker and measured the mechanical properties of its tissues. This information is a fundamental necessity for the extraction of the requirements for designing and developing an artificial suction cup that can better mimic its natural prototype.

2.. Material and methods {#s2}
========================

2.1.. Experimental animals {#s2a}
--------------------------

Adult specimens of *Octopus vulgaris* were obtained, already dead, from licensed fishermen who usually capture them for human consumption. The animals that were used for the morphological investigations were captured from the wild in the bay of Livorno in October 2012. The animals that were used for the biomechanical investigations were captured from the wild in the Tyrrhenian Sea in November 2012. In all cases, the suckers were explanted when the animals were already dead.

2.2.. Morphology of octopus suckers {#s2b}
-----------------------------------

For microcomputed tomography (micro-CT), freshly explanted suckers were fixed in 95% ethanol. Before the experiment, the specimens were hydrated in decreasing ethanol concentrations of 95% followed by 70, 50 and 30%, and then in distilled water for 4 h each. After rehydration, the specimens were treated overnight in a contrast solution (1% Lugol\'s iodine--potassium--iodide) and rinsed in distilled water for 4 h. For scanning, each individual specimen was placed in a Plexiglas jar filled with distilled water. We fixed the specimen to the jar using needles to prevent any movement so that the sample remained suspended in the jar. The experiments were performed using a SkyScan 1172 HR micro-CT (Bruker microCT, Kontich, Belgium). The sucker was scanned throughout its volume. After the first scan, we extracted some portions of the sucker and higher resolution scans of these portions were performed.

For light microscopy, freshly explanted suckers were fixed in 95% ethanol. Samples of few millimetres were extracted from the acetabular and infundibular portions and critical-point dried using a critical-point-drying apparatus (E3000 Series, Quorum Technologies, UK). The dried samples were mounted on aluminium stubs, sputter coated with 10 nm of gold--palladium (SCD 500 Sputter Coater equipped with a QSG 100 Quartz Film Thickness Monitor, BAL-TEC, Liechtenstein) and viewed using a Zygo New View 6000 (Zygo Corporation, Middlefield, CT, USA) white-light interferometer.

2.3.. Mechanical properties of octopus suckers and artificial materials {#s2c}
-----------------------------------------------------------------------

The mechanical properties of the infundibular and acetabular portions of 10 *O. vulgaris* suckers and of three soft elastomeric materials that have been used for the fabrication of soft robotic components (Ecoflex 00--10, Ecoflex 00--30 and Dragon Skin 10 (all from Smooth On, USA)) \[[@RSIF20130816C5],[@RSIF20130816C6]\] were measured using a Basalt-BT01 micro-force tester (Tetra GmbH, Ilmenau, Germany) \[[@RSIF20130816C18]\]. This instrument consists of three main components: a platform, a spring and a fibre-optic sensor. The platform holds the clamped sample, and a motorized stage moves the platform vertically at speeds ranging from 15 to 80 µm s^−1^. For the mechanical tests, the spring was equipped with a 1.5 mm diameter spherical indenter (as shown in [figure 1](#RSIF20130816F1){ref-type="fig"}). Two different springs were used for the investigation of the natural and artificial samples. The spring constants were 73 and 256 N m^−1^ for the natural and artificial samples, respectively. The entire set-up was placed on a massive granite table, and all measurements were performed at room temperature (18--21°C) and a relative humidity of 65--78%. To prevent the desiccation of the natural specimens, we stored the octopus arms with the suckers attached in seawater until the measurement was finished. Figure 1.Microindentation unit. The micro-force tester used to measure the mechanical properties of natural suckers and artificial materials. The spherical micro-indenter (I) is attached to a spring (S), driven by a motor and pressed against the soft sample. The deflection of the spring is monitored by the fibre-optic sensor (OS) using monochromatic light sent to and reflected from the mirror (M). The collected data were transmitted to a computer with a sampling frequency of 10 Hz.

For each measurement, the indenter was brought to an upward position of approximately 100 µm from the sample surface. The indentation procedure consisted of three phases ([figure 2](#RSIF20130816F2){ref-type="fig"}). In the loading phase, the spring was moved downwards at constant velocity and the indenter was pressed against the sample surface. In the waiting phase, the indenter and the sample surface were held in contact under a specified load for 10 s. In the unloading phase, the indentation unit was removed from the sample surface at constant velocity. After each measurement, the indenter was cleaned with acetone and rinsed with distilled water. The spring deflection was monitored using a fibre-optic sensor; force, time and displacement data were continuously acquired with a sample frequency of 10 Hz. Figure 2.Spring position as a function of time in a typical indentation test. The solid line indicates the position of the spring with the attached spherical indenter during the measurements; p0 is the starting point of the spring; p1 indicates the level of the spring at the sample surface, which is the starting point of indentation into the sample; and p2 is the position of the spring at the maximum indentation depth reached by the indenter. In accordance with what was said, (p2-p0) and (p2-p1) are spring displacement and specimen indentation, respectively.

Each sample, both natural and artificial, was investigated using three different spring displacements (200 µm apart) and five different velocities of indentation (15, 20, 40, 60 and 80 µm s^−1^) with a recovery time of 3 min between two consecutive measurements. In the case of natural samples, during the recovery time, the specimens were continuously hydrated with seawater. Because the spring deforms with the sample during measurement, the deflection of the spring from the control data (when the spring was pressed on a hard sample) was subtracted to obtain the actual force--displacement curve.

The effective elasticity modulus (*E*~s~) (analogous to the elasticity modulus of a homogeneous material) \[[@RSIF20130816C19]\] was calculated using the Hertz model \[[@RSIF20130816C20]\]. The formula used for fitting the force--deformation (*F*(*t*)−**δ**(*t*)) curves was as follows:withwhere *E*~r~ is called the reduced modulus; *E*~s~, *v*~s~, and *R*~s~ are the elastic modulus, Poisson ratio and radius of the sample, respectively; and *E*~i~, *v*~i~ and *R*~i~ are the same parameters for the indenter.

For the calculations, because the material of the indenter (sapphire sphere) was considerably stiffer than the materials of the samples () and the radii of curvature of the sample surfaces were considerably greater than the radius of curvature of the indenter\'s tip (), *R*~s~ can be considered to be an infinite radius

Because we do not know the Poisson\'s ratio of octopus tissues, we assumed that the octopus tissues were incompressible (Poisson\'s ratio = 0.5), in accord with the typical behaviour of elastomers, to calculate the elasticity modulus.

During the waiting phase, when the indenter was kept in contact with the sample without any movement, an exponential decrease in the force was observed only in the measurements of the natural specimens ([figure 3](#RSIF20130816F3){ref-type="fig"}*a,b*). This decrease in the force is a typical behaviour of viscoelastic materials. The relaxation profile in the force--time curve was fitted using a linear solid model \[[@RSIF20130816C21],[@RSIF20130816C22]\], in which the initial time point corresponds to the maximal load before relaxation. The model includes two sets of serial dashpots and springs (**τ**~1~, *E*~1~, **τ**~2~ and *E*~2~) and an additional spring (*E*~0~) in parallel with the two dashpot--spring sets ([figure 3](#RSIF20130816F3){ref-type="fig"}*c*). The dashpots reflect the relaxation profile, whereas the three springs correspond to the elasticity modulus of the entire system. Assuming that the strain (**ɛ**) is essentially constant in the waiting phase, the stress (**σ**) can be calculated as follows: Figure 3.Force--time curves. Typical force--time curves for the (*a*) biological and (*b*) artificial samples obtained using the micro-force tester. During the loading phase (L), the indenter was pressed against the sample, thus increasing the compression force. Then, during the waiting phase (W), the indenter was maintained in contact with the sample for a fixed amount of time. During this period of time, a rapid decrease in the force was detected only in the natural samples. This result highlights the viscoelastic behaviour of the natural tissues. During the unloading phase (U), the indenter was driven away from the sample. (*c*) The dashpot--spring model used to fit the force--time curves during the waiting phase for the natural samples.

The contact area (*A*) derived from the Hertz theory was calculated as follows:

Thus, the formula for the force--time dependence (*F*(*t*)) was

Because we conducted measurements using various spring displacements and indentation velocities, we normalized the force data to the first force value (*F*(*t*~0~)) recorded during the waiting phase to allow the comparison of homogeneous datasets.

The formula used for fitting the normalized force--time (*F~n~*(*t*)) curves waswhereThe parameter *f* represents the normalized force at *t* → ∞; *b* and *d* are the inverses of the time constants **τ**~1~ and **τ**~2~, respectively; and the sum of *a*, *c* and *f* corresponds to the value of the normalized force at the initial moment of time (*t* = 0).

To study the differences in the viscoelastic properties of the sucker tissues with respect to another octopus tissue (the dorsal portion of the arm was chosen), we designed an experiment in which each sample was deformed by the spherical indenter up to a predefined normal force with a constant indentation velocity. This procedure was repeated three times for each octopus tissue (the infundibulum, the acetabulum and the dorsal portion of the arm). The results are shown as force--time curves in [figure 4](#RSIF20130816F4){ref-type="fig"}. Figure 4.Relaxation curves obtained for different octopus tissues. The curves demonstrate the viscoelastic behaviour of the infundibulum, the acetabular protuberance and the dorsal tissue of the arm during the relaxation phase. The data were obtained by deforming each sample with a spherical indenter up to a predefined normal force (4.5 mN) at a constant indentation velocity (60 µm s^−1^). This procedure was repeated three times for each octopus tissue (infundibulum, acetabulum and dorsal portion of the arm). The curves in the figure represent the standard linear solid viscoelastic models used to fit the force--time data. It is apparent that the infundibular behaviour is quite similar to the behaviour of the dorsal arm tissue; both differ from the relaxation profile of the acetabular protuberance, which decreases more slowly than the other two. Considering the plots above, for an applied normal force of 4.5 mN, there was a 35, 63 or 70% relaxation of the force after 10 s for the acetabular protuberance, the infundibulum or the arm, respectively. Based on these results, it can be concluded that for this initial applied normal force, the acetabular protuberance behaves more elastically and less viscously than the infundibulum and the dorsal tissue of the arm. The responses of these last two tissues exhibit similar behaviour.

3.. Results {#s3}
===========

3.1.. Morphology of octopus suckers {#s3a}
-----------------------------------

*Octopus vulgaris* presents two rows of suckers along its arms. The diameters of the suckers range from few centimetres (in the proximal tract) to millimetres (in the distal tract). The octopus sucker is a muscular-hydrostat \[[@RSIF20130816C23]\] that consists of two portions: an upper hollow structure, the acetabulum, which in turn consists of a domed roof (in the upper part) and a wall region (in the remaining parts), and a disc-like portion, the infundibulum ([figure 5](#RSIF20130816F5){ref-type="fig"}*a,b*). These two portions are connected by an orifice. The sucker is completely encircled by a connective-tissue layer, and the infundibulum presents a surrounding rim of epithelium. As was found in \[[@RSIF20130816C14]\], the acetabulum of *O. vulgaris* presents an evident protuberance on its roof that fills approximately 80% of its internal volume ([figure 5](#RSIF20130816F5){ref-type="fig"}), which differs from other octopus species, in which the acetabulum appears as a hollow spherical cup without any protuberance \[[@RSIF20130816C12],[@RSIF20130816C13]\]. The infundibulum and acetabular wall are characterized by a three-dimensional array of muscles: radial, circular and meridional fibres. The radial fibres, which cross the entire thickness of the sucker, are uniformly distributed throughout the structure ([figure 5](#RSIF20130816F5){ref-type="fig"}*a,c*); the circular fibres are located in the inner part (closer to the external surface) of the infundibulum and in the outer part of the acetabular wall (farther from the external surface), and the meridional fibres are located in the central-outer part of the infundibulum and in the outer part of the acetabular wall \[[@RSIF20130816C12]--[@RSIF20130816C14]\]. The acetabular roof lacks circular fibres; it consists mainly of radial muscular fibres ([figure 5](#RSIF20130816F5){ref-type="fig"}*d*), with some meridional fibres confined to the apex (top part of the acetabulum) \[[@RSIF20130816C12]--[@RSIF20130816C14]\]. However, the acetabular roof is the only portion of the entire sucker that presents a dense network of cross-connective fibres intersecting with the muscular radial fibres ([figure 5](#RSIF20130816F5){ref-type="fig"}*e*). These observations confirm what was found in octopus suckers in previous studies \[[@RSIF20130816C12]--[@RSIF20130816C14]\]. Nevertheless, in this work as reported below, we provide for the first time a quantitative information of the surface features of the octopus suckers. Figure 5.Octopus-sucker structure. (*a*) Microcomputed tomography model of the sucker virtually dissected in the transverse plane. The scale bar corresponds to 1 cm. (*b*) A schematic of (*a*) with the main structures of the sucker highlighted, including the acetabulum (Ac), which is the hollow upper portion and consists of the acetabular wall (aw) and the acetabular roof (ar). The acetabular roof is characterized by an evident protuberance (p). Meanwhile, the lower portion, which comes into contact with the substrate during contact formation and attachment, is the infundibulum (In). The transition between these two structures is the so-called orifice. (*c*) Detail of white box 1 in (*a*) (x2). We can recognize the radial muscular bundles (r) of the infundibular portion and the primary sphincter (s), which corresponds to the orifice. (*d,e*) Transverse (*d*) and oblique (*e*) plane of white box 2 in (*a*) (x6). In (*d*), we can recognize the radial muscular bundles of the acetabular protuberance. In (*e*), we can recognize the following: on the left side, the radial muscular bundles and on the right side, the cross-connective tissue fibres that intersect with the radial muscles.

The surface of the infundibular portion presents circumferential and radial grooves and is covered with a chitinous cuticle that is continuously renewed. The circumferential grooves are concentrically spaced 280 ± 50 µm (mean ± s.d.) apart ([figure 6](#RSIF20130816F6){ref-type="fig"}*a*). By contrast, the radial grooves run from the orifice to the rim with an angular distribution of 18° ± 3° (considering 25 suckers with a diameter of 1.3 ± 0.7 cm); some of them branch again before reaching the rim ([figure 6](#RSIF20130816F6){ref-type="fig"}*b*). Circumferential grooves interdigitate radial ones, as shown in [figure 6](#RSIF20130816F6){ref-type="fig"}*c*. Figure 6.Three-dimensional white-light interferometric images of the surfaces of the infundibular (*a--c*) and the acetabular protuberance (*d--f*) of dry samples. (*a*) Circumferential grooves. (*b*) Radial grooves. (*c*) An intersection between radial and circumferential grooves. (*d--f*) Different magnifications of the roughness of the acetabular protuberance. For quantitative data, please refer to [table 1](#RSIF20130816TB1){ref-type="table"}.

The cuticle, which comes into contact with the substrate during attachment, bears numerous denticles. On average, the cuticle has a mean roughness (*R*~a~) of 11.3 ± 3.0 µm and a maximum height (*R*~z~) of 89.5 ± 20.0 µm (*N* = 31). The maximum height (*R*~z~) can be assumed to be the measure of the depth of the infundibular grooves.

The surface of the acetabular protuberance is completely different and exhibits a mean roughness (*R*~a~) of 1.3 ± 1.0 µm and a maximum height (*R*~z~) of 14.5 ± 10.6 µm (*N* = 25).

[Table 1](#RSIF20130816TB1){ref-type="table"} gathers quantitative data of the samples shown in [figure 6](#RSIF20130816F6){ref-type="fig"} (some examples of infundibular ([figure 6](#RSIF20130816F6){ref-type="fig"}*a--c*) and acetabular protuberance\'s surface ([figure 6](#RSIF20130816F6){ref-type="fig"}*d--f*), respectively). Table 1.Quantitative data of samples shown in [figure 6](#RSIF20130816F6){ref-type="fig"}. M, magnification; *R*~z~, maximum height or peak-valley value; *R*~a~, mean roughness; *S~x~*, width of the investigated area; *S~y~*, height of the investigated area.M*R~z~* (µm)*R*~a~ (µm)*S~x~* (mm)*S~y~* (mm)[figure 6](#RSIF20130816F6){ref-type="fig"}*a*5×154.419.21.281.05[figure 6](#RSIF20130816F6){ref-type="fig"}*b*20×63.210.30.350.26[figure 6](#RSIF20130816F6){ref-type="fig"}*c*20×110.611.10.350.26[figure 6](#RSIF20130816F6){ref-type="fig"}*d*5×4.00.31.401.05[figure 6](#RSIF20130816F6){ref-type="fig"}*e*20×29.12.80.350.26[figure 6](#RSIF20130816F6){ref-type="fig"}*f*50×5.50.40.140.11

3.2.. Mechanical properties of sucker tissues {#s3b}
---------------------------------------------

In the measurements of the natural suckers, the average indentation during the loading phase was 370.4 ± 46.4 µm (mean ± s.d.) in the infundibular portion and 399.1 ± 63.7 µm in the acetabular protuberance, corresponding to compression forces of 3.4 ± 1.3 and 7.4 ± 2.1 mN, respectively. [Table 2](#RSIF20130816TB2){ref-type="table"} summarizes the measured elasticity moduli for the infundibular and acetabular portions. Table 2.Elasticity moduli. Elasticity moduli (mean ± s.d., kPa) of the infundibular and acetabular-protuberance portions of *O. vulgaris* suckers (*N* = 10). Measurements were performed using five different indentation velocities and three different spring displacements (with **δ** = 200 µm). Each value of spring displacement (*Δ*0, *Δ*0 + **δ**, *Δ*0 + 2**δ**) corresponds to the quantity p2-p0 in [figure 2](#RSIF20130816F2){ref-type="fig"}.indentation velocity (µm s^−1^)spring displacement (µm)1520406080infundibulum *Δ*~0~6.0 ± 1.76.8 ± 1.97.1 ± 1.97.2 ± 1.97.3 ± 1.7 *Δ*~0~ + **δ**6.5 ± 1.87.0 ± 1.88.3 ± 2.39.1 ± 2.69.6 ± 2.9 *Δ*~0~ + 2**δ**6.9 ± 2.57.4 ± 2.68.0 ± 2.98.6 ± 2.79.3 ± 3.0acetabular protuberance *Δ*~0~15.5 ± 6.316.6 ± 6.518.3 ± 6.419.9 ± 6.720.8 ± 6.9 *Δ*~0~ + **δ**16.0 ± 4.016.7 ± 4.418.7 ± 5.820.3 ± 6.421.5 ± 7.1 *Δ*~0~ + 2**δ**14.6 ± 5.015.1 ± 5.516.4 ± 6.218.7 ± 7.023.2 ± 8.9

Two-way analysis of variance (ANOVA) was performed considering the different spring displacements and indentation velocities and revealed that the elasticity modulus varied significantly with the spring displacement and indentation velocity. This behaviour was observed for both the infundibular and acetabular-protuberance tissues (*p* \< 0.05), with the exception that the elasticity modulus of the acetabular protuberance exhibited no sensitivity to different spring displacements (*p* = 0.28) ([table 3](#RSIF20130816TB3){ref-type="table"}). The elasticity modulus (*E*) was always greater in the acetabular protuberance than in the infundibulum, indicating that the acetabular protuberance is stiffer than the infundibulum. To compare these values to those of another octopus tissue, we performed the same measurement on the dorsal portion of an octopus arm. We found that the elasticity modulus of the arm was 13.2 ± 3.7 kPa. The measured values revealed that the dorsal tissue of the octopus arm is stiffer than the infundibulum but softer than the acetabular protuberance. The data from this dorsal part of the arm showed significant variability in the value of *E* with the spring displacement ((*E*) *F* = 8.33, *p* = 0.01) but not with the indentation velocity ((*E*) *F* = 0.25, *p* = 0.9). Table 3.Two-way ANOVA of the data concerning the properties of octopus-sucker tissues. Statistical analysis of possible differences in the elasticity modulus associated with the use of different spring displacements and indentation velocities in the infundibulum and the acetabular protuberance (*F* parameter refers to *F*-test of Fisher). infundibulumacetabular protuberancedisplacementvelocitydisplacementvelocityelasticity modulus*F* = 11.71, *p* \< 0.01*F* = 12.41, *p* \< 0.01*F* = 1.49, *p* = 0.28*F* = 22.82, *p* \< 0.01

[Table 4](#RSIF20130816TB4){ref-type="table"} summarizes the mean values of the five parameters of the standard linear solid viscoelastic model used to fit the data from the infundibulum and acetabular protuberance. To determine the differences in the viscoelastic properties associated with different spring displacements and indentation velocities, a two-way ANOVA was performed for the five parameters of the model ([table 5](#RSIF20130816TB5){ref-type="table"}). The analysis demonstrated that in the case of the infundibular tissue, all five parameters varied significantly (*p* \< 0.05) with the spring displacement but not with the indentation velocity; in the case of the acetabular-protuberance tissue, all five parameters varied significantly (*p* \< 0.05) with both the spring displacement and the indentation velocity, with the exception of the b parameter (the inverse of the time constant **τ**~1~), which was not sensitive to different indentation velocities (*p* = 0.40). Table 4.Viscoelastic parameters of octopus-sucker tissues. Mean values ± s.d., considering different indentation velocities and different spring displacements, of the parameters of the standard linear solid viscoelastic model applied to measurements of the infundibulum and acetabular protuberance of octopus suckers. For the definitions of parameters *a*, *b*, *c*, *d* and *f*, please refer to equations (2.12)--(2.17).infundibulumacetabular protuberance*a*0.30 ± 0.240.16 ± 0.05*b*0.83 ± 0.310.66 ± 0.10*c*0.57 ± 0.100.52 ± 0.03*d*0.12 ± 0.140.04 ± 0.01*f*0.13 ± 0.360.31 ± 0.02 Table 5.Two-way ANOVA of viscoelastic parameters of octopus-sucker tissues. Analysis of possible differences in the parameters of the standard linear solid viscoelastic model associated with the use of different spring displacements and indentation velocities (*F* parameter refers to *F*-test of Fisher). For the definitions of parameters *a*, *b*, *c*, *d* and *f*, please refer to equations (2.12)--(2.17). infundibulumacetabular protuberancedisplacementvelocitydisplacementvelocity*aF* = 6.63, *p* = 0.02*F* = 0.39, *p* = 0.81*F* = 105.10, *p* = 0*F* = 34.65, *p* = 0*bF* = 6.31, *p* = 0.02*F* = 0.53, *p* = 0.71*F* = 6.75, *p* = 0.02*F* = 1.14, *p* = 0.40*cF* = 5.34, *p* = 0.03*F* = 2.33, *p* = 0.14*F* = 56.42, *p* = 0*F* = 11.82, *p* = 0*dF* = 6.63, *p* = 0.02*F* = 0.8, *p* = 0.56*F* = 72.80, *p* = 0*F* = 5.5, *p* = 0.02*fF* = 6.05, *p* = 0.03*F* = 0.79, *p* = 0.56*F* = 86.80, *p* = 0*F* = 19.07, *p* = 0

[Figure 4](#RSIF20130816F4){ref-type="fig"} shows the differences in the viscoelastic profile during the waiting phase of the two tissues tested (the infundibulum and acetabular protuberance) compared with the profile found for the dorsal arm tissue. We observed that the profile of the infundibulum is more similar to the profile of the dorsal arm tissue than to the profile of the acetabular protuberance.

3.3.. Mechanical properties of artificial elastomeric materials {#s3c}
---------------------------------------------------------------

During the measurements of the artificial materials, a gradual indentation occurred during the loading phase. On average, the indentation was 242.7 ± 38.0 µm in Ecoflex 00--10, 214.7 ± 87.4 µm in Ecoflex 00--30 and 174.3 ± 145.3 µm in Dragon Skin 10, corresponding to compression forces of 13.1 ± 0.5, 29.1 ± 0.2, and 80.9 ± 0.9 mN, respectively. [Table 6](#RSIF20130816TB6){ref-type="table"} summarizes the measured elasticity moduli for the three artificial materials. The data obtained from the measurements of the artificial materials exhibited significant variability in the elasticity modulus (*E*) with the spring displacement (*p* \< 0.01) but not with the indentation velocity, except for the Dragon Skin 10 material, which exhibited significant variability with the indentation velocity (*p* = 0.02) ([table 7](#RSIF20130816TB7){ref-type="table"}). Table 6.Evaluation of artificial materials. Elastic moduli (mean ± s.d., kPa), considering different indentation velocities and different spring displacements, of three different artificial rubber-like materials tested for comparison with the octopus tissues. artificial materialEcoflex 00--10Ecoflex 00--30Dragon Skin 10elastic modulus16.3 ± 2.134.8 ± 2.7129.0 ± 9.7 Table 7.Two-way ANOVA of properties of artificial materials. Analysis of possible differences in the elasticity modulus associated with the use of different spring displacements and indentation velocities in three artificial materials (*F* parameter refers to *F*-test of Fisher). Ecoflex 00--10Ecoflex 00--30Dragon Skin 10displacementvelocitydisplacementvelocitydisplacementvelocity*EF* = 39.72, *p* \< 0.01*F* = 2.95, *p* = 0.09*F* = 24.93, *p* \< 0.01*F* = 1.03, *p* = 0.45*F* = 14.79, *p* \< 0.01*F* = 5.90, *p* = 0.02

Because we did not define the Poisson\'s ratio of these artificial materials, we assumed that the artificial materials were incompressible (Poisson\'s ratio = 0.5), in accord with the typical behaviour of elastomers, to calculate the elasticity modulus.

No viscoelastic behaviour was observed during the waiting phase for the artificial materials ([figure 3](#RSIF20130816F3){ref-type="fig"}*b*).

4.. Discussion {#s4}
==============

4.1.. Morphology and physiology of octopus suckers {#s4a}
--------------------------------------------------

The infundibulum portion is characterized by radial grooves with a mean angular distribution of 18° and by concentric grooves with a mean spacing of 280 µm. These grooves present a mean depth of 89.5 µm. This morphology has already been observed in previous works \[[@RSIF20130816C12]--[@RSIF20130816C14]\] but it was not previously quantified. The structure of the infundibular surface is fundamental to its ability to increase its contact area with the substrate during attachment. This network of grooves allows low pressure, which is generated in the acetabular chamber, to be transmitted to almost the entire sucker--substrate interface. This structured surface is completely different from that of the common artificial suction cup, in which the surface is completely smooth, and thus could be taken into account as a bioinspiration model for the design of prototypes that are intended to operate under the same conditions as octopus suckers.

This study supports the characteristic morphology of the acetabular roof in *O. vulgaris* that was previously found in \[[@RSIF20130816C14]\]. We have demonstrated the presence of a protuberance that protrudes towards the sucker\'s orifice ([figure 5](#RSIF20130816F5){ref-type="fig"}) and measured the roughnesses of the acetabular part (*R*~a~ = 1.3 µm) and the infundibulum (*R*~a~ = 11.3 µm). The measurement of the infundibular roughness is also useful in the design of suction-cup prototypes for use in wet conditions. Mimicry of the infundibular morphology by an artificial suction cup should guarantee the maximum attachment area and good resistance to shear forces. The roughness found on the acetabular protuberance surface confirms the morphology that was previously observed in \[[@RSIF20130816C14]\], in contrast with earlier works, in which the acetabulum was described as having a completely smooth surface \[[@RSIF20130816C12],[@RSIF20130816C13]\]. This finding, combined with the knowledge of the specific infundibular roughness, is particularly important because it represents, to the best of our knowledge, the first quantitative data concerning the roughness of octopus-sucker tissues. Moreover, our measurements provide further details to improve the attachment hypothesis suggested in \[[@RSIF20130816C14]\]. In accordance with this hypothesis, the acetabular roughness could play a role in achieving the watertight closure of the orifice to allow energy-saving attachment for long periods of time.

4.2.. Mechanical properties of natural suckers and artificial materials {#s4b}
-----------------------------------------------------------------------

The measurements of the mechanical properties of octopus suckers demonstrated that the tissues are composed of a very soft material: we measured mean elasticity moduli of 7.7 and 18.1 kPa for the infundibulum and the acetabular protuberance, respectively. Octopus-sucker tissues are thus among the softest biological materials, equivalent to coelenterate mesoglea or jellyfish jelly (*E* ∼ 10 kPa \[[@RSIF20130816C24]\]). Although sucker tissues are less soft than brain tissue (*E* ∼ 1 kPa \[[@RSIF20130816C25]\]) and adipose tissue (*E* ∼ 3 kPa \[[@RSIF20130816C26]\]), the elasticity values found in this study are much lower than those of other soft biological materials, such as human skin (*E* ∼ 150 kPa \[[@RSIF20130816C27]\]), aorta tissue (*E* ∼ 500 kPa \[[@RSIF20130816C28]\]), the aortic valve (*E* ∼ 1 MPa \[[@RSIF20130816C29]\]) and the chordae tendineae of the heart valve (*E* ∼ 50 MPa \[[@RSIF20130816C30]\]). Moreover, the elastic moduli of octopus-sucker tissues are comparable to those obtained for tree frogs (*E* ∼ 4--25 kPa \[[@RSIF20130816C31]\]), and they are slightly lower than those of grasshoppers (*E* ∼ 20--65 kPa \[[@RSIF20130816C32],[@RSIF20130816C33]\]) and caeliferan insects (*E* ∼ 250--750 kPa \[[@RSIF20130816C34]\]). Particularly interesting is the similarity between the elasticity modulus of the infundibulum and that of echinoderm tube feet (*E* ∼ 6--8 kPa \[[@RSIF20130816C35]\]), as both systems work under similar wet conditions and are able to attach to rough substrates.

Our experiments showed that the elasticity modulus was higher for the acetabular protuberance than for the infundibulum. The higher stiffness of the acetabular protuberance could be a consequence of the presence of cross-connective tissues, which are present in the acetabular protuberance but absent in the rest of the sucker\'s tissues. In the acetabular protuberance, a dense network of cross-connective tissues is intersected with the muscular fibres, while the infundibulum consists entirely of muscles.

A significant difference (*p* \< 0.05) in the elasticity modulus of the infundibulum was also observed for different spring displacements. The experiments showed an increasing elasticity modulus, as the spring displacement increased. The infundibular tissue was particularly soft at low displacements and became stiffer at higher displacements. To explain this result, we must consider that the outer layer of the infundibulum consists of epithelium (approx. 40 µm) and that just below, before the muscular tissue, there is a layer of connective tissue (approx. 15 µm). Thus, the stiffness measured at low displacements could be related to the epithelium and the connective-tissue layer. The soft properties of these outer layers are critical, considering that the infundibulum is the only portion of the suckers that must be absolutely compliant when it comes into contact with substrates of various roughnesses to achieve a perfect seal. The elasticity modulus measured at higher displacements is likely related to the underlying muscular tissue. The acetabular protuberance, which did not exhibit a significantly different response to various spring displacements (*p* = 0.28), presents a thinner epithelium (approx. 10 µm) and layer of connective tissue (approx. 10 µm). These layers are likely not thick enough to be probed by the experimental set-up. Therefore, the elasticity modulus measured for the acetabular protuberance is likely related only to the dense network of muscular and cross-connective fibres. Significant differences (*p* \< 0.05) in the elasticity moduli of both the infundibulum and acetabular protuberance were observed for different indentation velocities. Both sucker tissues behaved as soft materials at low indentation velocities and became stiffer at high indentation velocities. This behaviour of the sucker tissues could be related to the attachment function of the system. They must be particularly soft during contact formation to allow good pliancy against the substrate. Afterwards, during the suction process, the indentation velocity of the sucker tissues against the substrates strongly increases because of the low pressure under the suction cup. To maintain attachment and to resist external stresses, the sucker tissues must become stiffer in this phase than during the initial contact with the substrate.

The measured properties of the artificial materials were considerably different from those of the sucker materials, except for the fact that the elastic modulus of the Dragon Skin 10 was also sensitive to different indentation velocities. Contrary to the artificial elastomeric materials, which exhibit elastic behaviour, the octopus-sucker tissues are characterized by viscoelastic behaviour. Viscoelasticity has also been observed in many other natural fibrous composites \[[@RSIF20130816C31],[@RSIF20130816C33],[@RSIF20130816C35]--[@RSIF20130816C39]\].

The viscoelastic properties of the octopus tissues were confirmed by the analysis of the relaxation curves. The relaxation profile during the waiting phase was fitted using a standard linear solid viscoelastic model with five parameters (equation (2.12)). The model used for the calculation of the viscous behaviour was the same as the one previously used for grasshoppers \[[@RSIF20130816C33]\]. This viscoelasticity model takes into account the fact that relaxation does not occur at a single unique time but at a combination of several times. The octopus-sucker tissues were characterized by two different relaxation time constants (RTC: **τ**~1~ and **τ**~2~), one long, more elastic RTC (**τ**~2~) and one short, more viscous RTC (**τ**~1~). The infundibulum exhibited a rapid relaxation (**τ**~1~ = 1.20 s) that can likely be attributed to the soft tissues of the outer layers and a slow relaxation (**τ**~2~ = 8.33 s) that can likely be attributed to the underlying muscular arrangement.

A two-way ANOVA demonstrated that all five parameters of the infundibular tissue were sensitive (*p* \< 0.05) to the spring displacement but insensitive () to the indentation velocity. Considering the elaborated arrangement of the sucker tissues, as the spring displacement varies, different combinations of the underlying muscular fibres become involved in the relaxation phase. Moreover, for each displacement, a certain initial value of applied force (equal to the sum of *a*, *c* and *f* parameters) is induced, and a specific relaxation response is measured. The same structure exhibits nearly the same general relaxation response for various indentation velocities. By contrast, all five parameters of the acetabular protuberance were sensitive to both the spring displacement and the indentation velocity, except parameter *b* (the inverse of the time constant **τ**~1~), which was insensitive to different indentation velocities. The acetabular protuberance exhibited a rapid relaxation (**τ**~1~ = 1.52 s) that can likely be attributed to the soft tissues of the outer layers of the acetabular protuberance. This structure is very similar to the outer layers of the infundibulum, aside from the thickness, and behaves similarly in terms of its RTC and insensitivity to the indentation velocity. The slow relaxation of the acetabular protuberance (**τ**~2~ = 25 s), meanwhile, can likely be attributed to the underlying dense network of muscles and connective fibres.

The primary difference in the behaviour of the two sucker portions was observed for the slow RTC (**τ**~2~), which is likely related to the underlying tissues, which are characterized by different compositions. While the infundibulum is supported by a three-dimensional array of muscles, the acetabular protuberance mainly contains only one type of muscles (radial muscles), in which cross-connective tissue fibres are densely embedded. Considering the observed results, the structure of the muscular and connective tissue fibres appears to be more elastic than the structure that consists only of muscular fibres. Although the role of the cross-connective tissue is completely unknown, the results reported here fit well with the hypothesis that these fibres, which are embedded in muscular tissue, are able to store elastic energy to generate attachment for a long period of time without muscle contractions \[[@RSIF20130816C12],[@RSIF20130816C13]\].

Based on our results, the more viscous behaviour (**τ**~1~) should be typical of the outer layers of the infundibulum and the acetabular protuberance. Both these two portions are directly involved in the attachment mechanism. While the infundibulum is the portion of the sucker that comes into contact with the substrate, the acetabular protuberance should come into contact with the upper part of the side wall of the orifice to contribute to the production of efficient attachment over long time periods \[[@RSIF20130816C14]\]. These findings and considerations agree well with the previously proposed idea \[[@RSIF20130816C33]\] that a viscoelastic material serves as a type of damper, in which the relaxation response aids in the surface replication and optimization of a real contact between biological tissue and another biological or artificial substrate. Such a consideration could also explain why most pressure-sensitive adhesives have viscoelastic properties \[[@RSIF20130816C40]--[@RSIF20130816C46]\]. With this in mind, we may consider the RTC to be a sort of compliancy indicator: the shorter the RTC is, the greater the compliance of a biological tissue to a substrate. The time constant **τ**~2~ is lower in the infundibulum than in the acetabular protuberance. In contrast to the acetabular protuberance, which is an internal sucker structure, the infundibulum must be as compliant to the substrates as possible.

To the best of our knowledge, the mechanical data obtained from our investigation of octopus-sucker tissues are the first ones to be available in the literature and will be crucially important in allowing the mimicry of strategic morphological features of natural suckers in bioinspired artificial suction cups. We conclude that the properties of the common elastomers that are generally used in industrial suckers are quite dissimilar to the properties of biological suckers. In our opinion, existing materials that could better mimic the octopus-sucker tissues are soft hydrogels \[[@RSIF20130816C47]--[@RSIF20130816C50]\] and soft polyurethanes \[[@RSIF20130816C51]\], as both of these types of material are in fact characterized by viscoelastic properties and have elasticity moduli of 0.1--10 and 100 kPa, respectively. To create an innovative attachment device inspired by octopus suckers, two types of material are needed: one softer and viscous to mimic the infundibular portion and one more elastic and less soft to mimic the acetabular protuberance. The first is important to replicate the amazing capability of the octopus to be compliant with any non-porous surfaces under wet conditions. This material should also be able to replicate the strategic structure (roughness and grooves) of the infundibular surface to maximize the attachment area. The other material should be exploited to design an efficient on--off attachment system (for example, one that is able to store elastic energy) to minimize the energy consumption for attachment over a long period of time.
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